Skeletal muscle atrophy and weakness are major contributors to frailty and impact significantly on quality of life of older people. Muscle aging is characterized by a loss of maximum tetanic force generation; primarily due to muscle atrophy which mitochondrial dysfunction is hypothesized to contribute to. We hypothesized that lifelong overexpression of the mitochondrial heat shock protein (HSP), HSP10 in muscle of mice would protect against development of these deficits. Maximum tetanic force generation by extensor digitorum longus (EDL) muscles of adult and old wild type mice and mice overexpressing HSP10 was determined in-situ. Muscles were subject to damaging lengthening contractions and force generation was re-measured at 3 hours or 28 days to examine susceptibility to, and recovery from damage respectively.
Introduction
Skeletal muscle function declines significantly with age and is characterized by the loss of maximum tetanic force generation and muscle cross-sectional area (CSA; (5, 21, 27) . The development of these functional deficits has been hypothesized to result from the increased susceptibility to and incomplete recovery of muscles from contraction-induced damage (14) . The mechanism(s) responsible for this is unclear, although a failure in the ability to activate the stress or Heat shock response has been implicated. The Heat shock protein (HSP) content of skeletal muscle of adult mammals is increased following both short and long-term exercise protocols (23, 37) . In contrast the HSP content and the ability to activate a stress response are modified in skeletal muscle with age; this has also been proposed to play a role in the development of age-related muscle deficits (35) .
Heat shock proteins (HSPs) are molecular chaperones which are rapidly synthesized in the cell following a variety of cellular stresses including hyperthermia, ischemia and the increased production of reactive oxygen species (ROS) (6, 16) . Under normal circumstances HSPs are involved in the folding, transportation and conformational maturation of newly synthesized proteins. Under conditions of stress, HSPs are required for stabilization of denatured or misfolded proteins (24, 30) .
Some chaperones are localized to sub-cellular compartments. Mitochondria contain several chaperones including HSP60 (also called cpn60), HSP10 (also called cpn10 and Hspe1) and Grp75 (mortalin) (16) . HSP60 and HSP10 together form the HSP60/10 chaperonin complex. This complex is responsible for the folding of proteins transported into the mitochondrial matrix, refolding and prevention of aggregation of denatured proteins (12) . More recent studies have demonstrated chaperone roles of HSP10 which are independent of HSP60 as well as non-chaperone (e.g. signalling) roles for HSP10 (11) . HSP10 is encoded by a nuclear gene; the newly translated protein is transported into the mitochondria (18) and HSP10 is mostly localized in the mitochondrial matrix (11) . In contrast, increased content of HSP10 has been observed in the cytosol of some cancer cells (9) (10) although the mechanisms by which HSP10 is retained in the cytoplasm in these circumstances are not fully understood (11) .
The effect of overexpression of mitochondrial HSPs on the development of age-related functional deficits in skeletal muscle has not been investigated. The mitochondrial theory of aging proposed by Harman (19) hypothesized that oxidative damage to mitochondrial DNA (mtDNA), proteins and lipid membranes accumulates over time due to reactive oxygen species (ROS) produced by the electron transport chain. Oxidative damage to mitochondrial proteins has been shown to increase with age in skeletal muscle (2, 15) . This damage to key components of the mitochondria is thought to result in aberrant ROS production by the electron transport chain which in turn results in further damage, eventually resulting in mitochondria with impaired ATP production (3, 25, 41) The aim of this study was to examine the effect of lifelong overexpression of the mitochondrial HSP, HSP10 in skeletal muscle of mice on age-related loss of muscle force and CSA and the susceptibility of muscles to and recovery from contraction-induced damage. We hypothesized that overexpression of HSP10 may preserve skeletal muscle function during aging by preserving mitochondrial function by protection against the accumulation of oxidised mitochondrial proteins.
Experimental procedures

Mice.
Experiments were performed in accordance with UK Home Office Guidelines under the UK Animals (Scientific Procedures) Act 1986. A total of 32 mice were used, power calculations were undertaken based on previous studies (34) (eight adult wild type, eight adult transgenic (10 -12 months) and eight old wild type, eight old transgenic (26-28 month)). Transgenic mice used in this study were originally developed to overexpress both HSP10 and HSP60. Mice were generated using chimeric transgenes consisting of a human HSP10 and HSP60 genes inserted into pCAGGS vectors (Fig 1a-b) .
The pCAGGS construct placed the HSP10 and HSP60 genes under the control of the human cytomegalovirus immediate early enhancer (hCMV-IE) and chicken β-actin promoter and first intron.
The CAGGS-HSP10 fragment was cut from the Bluescript II KS vector using Xho I/ Not I digestion to produce a ~3.3kb fragment. The CAGGS-HSP60 fragment was cut from the Bluescript II KS vector using Sal I/ Not I digestion to produce a 4.8kb fragment. Both fragments were purified and used for microinjection into mouse oocytes (32). Western blot analysis demonstrated that HSP10 content of skeletal muscles of these mice was significantly elevated, but that HSP60 was not overexpressed in skeletal muscle of these mice (Figure 2a-b) . The mice used in this study are referred to as mice overexpressing HSP10. Transgenic mice were identified from DNA extracted from tail snips (DNeasy DNA extraction kit, Qiagen UK, Crawley, West Sussex, UK) using PCR with the following primers presence of 1 PCR product on an agarose gel at 300bp with wild type mice having no PCR product evident. Distinction between heterozygous and homozygous mice was achieved using the same primers with real-time PCR using iQ SYBR Green Supermix (Bio-Rad, Hercules, USA), 50ng of template DNA and primers at 20μM. Real-time PCR was performed on a Bio-Rad iCycler with the above PCR protocol, the presence of 1 product was determined by melt curve analysis. Homozygous and heterozygous mice were identified by the difference of 1 cycle in the threshold cycle.
Heterozygous transgenic mice and wild type litter mates were used in this study. HSP10
overexpression in muscles of all mice used in the study was confirmed post-mortem by western blotting for the HSP10 content of protein isolated from gastrocnemius muscles as described below.
Damaging Exercise Protocol
The maximum tetanic force generated by of extensor digitorum longus (EDL) muscles was measured in situ for both mice overexpressing HSP10 and wild type controls as previously described (34) . Mice were anesthetised with ketamine hydrochloride (66mg/Kg body weight) and medatomidine hydrochloride (0.55mg/Kg body weight) by i.p. injection and anesthesia was maintained with additional ketamine (30mg/Kg body weight) as required. The knee of the right hindlimb was fixed.
The distal tendon of the EDL muscle was exposed and attached to the lever arm of a servomotor (Cambridge Technology, USA). The peroneal nerve was exposed and stainless steel needle electrodes were placed across the nerve. Stimulation voltage and muscle length were adjusted to produce a maximum twitch force. The muscle length that produced the maximum twitch force is also the optimum muscle length (L 0 ) for the production of maximum tetanic force (P 0 ). To determine maximum tetanic force, the muscle was electrically stimulated to contract at L 0 and optimal stimulation voltage (8 -10V) every 2 minutes for a total time of 500ms with 0.2ms pulse width. The frequency of stimulation was increased for each 500ms stimulus from 10Hz to 50Hz and subsequently in 50Hz increments to a maximum of 400Hz. P 0 was identified when the maximum force reached a plateau despite increasing stimulation frequency.
Following identification of P 0 , mice were subject to damaging protocols of either 225 (for 28 day study) or 75 (for 3 hour study) lengthening contractions. Muscles were electrically stimulated at 150Hz for 300ms and lengthened through a strain of 20% of L f at a velocity of 1.5L f /s at 100ms.
Muscles of both adult and old mice are activated to 90% of maximum at this frequency (unpublished observations). Mice were allowed to recover for 3 hours to assess susceptibility to damage or 28 days to assess recovery from damage (34) . These protocols were used as 75 lengthening contractions has previously be shown to cause sub-maximal damage to muscles of adult mice and maximal damage in muscles of old mice, whereas 225 contractions has been demonstrated to cause equal damage to muscles of both adult and old mice and therefore is used to examine regeneration of muscles following equal amounts of damage (6, 43 underwent 225 lengthening contractions, mice were removed from the platform, the wound was sutured and the mice were allowed to recover for 28 days before re-measurement of maximum tetanic force under general anaesthesia to determine the extent of recovery from contractioninduced damage. Following completion of procedures, mice were killed by cervical dislocation and muscles were rapidly removed and frozen in liquid nitrogen for later analysis. The length and weight of EDL muscles were measured ex-vivo to determine muscle cross-sectional area (CSA) using the constant 0.44 to correct fiber length and 1.06g/ml for the density of muscle (36) . EDL muscles were orientated on cork discs, surrounded by O.C.T. mounting compound and frozen in iso-pentane precooled in liquid nitrogen. Blocks were stored at -70 o C prior to obtaining 10µm transverse sections for histological analysis.
Analysis of HSP content of muscles by western blotting
Gastrocnemius muscles were ground under liquid nitrogen, a portion of muscle was homogenized in 1% SDS with protease inhibitors and centrifuged at 20,000g for 10 minutes at 4 o C. The supernatant was analyzed for HSP content by SDS-PAGE and western blotting as previously described (31) .
Protein concentration of supernatants was determined using the bicinchoninic acid (BCA) assay (Sigma-Aldrich, Dorset, UK). Total protein load was standardized by loading 100µg of total protein per sample which was separated on a 12% polyarylamide gel with a 4% stacking gel. Proteins were separated at a current of 40mA and transferred onto nitrocellulose membrane 45mA for 1.5hrs. The membrane was probed with antibodies for HSP10 (SPA-110, Stressgen, Victoria, Canada), HSP25
(SPA-801, Stressgen, Victoria, Canada), HSP70 (SPA-810, Stressgen, Victoria, Canada), HSC70 (SPA-815, Stressgen, Victoria, Canada), Grp75 (SPS-825, Stressgen, Victoria, Canada) and HSP60 (H3524, Sigma-Aldrich, Dorset, UK). Membranes were stripped between different primary antibodies or, where appropriate, multiple gels were analysed for different proteins. The mouse monocolonal antibody for COX-IV (Abcam, Cambridge, UK ab14744) was used as a mitochondrial marker.
Recombinant HSPs (Stressgen, Victoria, Canada) were analyzed simultaneously as positive controls.
Western blots were visualized using an enhanced chemiluminescence (ECL) detection system (Perbio Science, Northumberland, UK) and analyzed by densitometry using QuantityOne software (Bio-Rad, Hercules, USA). Graphical data from western blots are presented as a percentage of the mean adult control value. Statistical analysis was carried out on raw densitometric data.
Isolation of mitochondria from muscle
To determine whether the HSP10 was localized in the mitochondria and/or cytosol of skeletal muscle of wild type and overexpressor mice, mitochondria were isolated from gastrocnemius muscles of 4 adult wild type and 4 adult mice overexpressing HSP10 using a tissue mitochondrial isolation kit (Pierce, Rockford, IL, USA). Mice were killed by cervical dislocation; gastrocnemius muscles were removed, washed twice with 1ml PBS and cut into small pieces. Muscle pieces were then homogenized with a Dounce homogeniser, mitochondria and cytosolic fractions were isolated by differential centrifugation as described in the manufacturer's instructions. Mitochondrial pellets were lysed in 1% SDS with a range of protease inhibitors. Thirty micrograms of protein from cytosolic and mitochondrial fractions were analyzed by SDS-PAGE and western blotting for HSP10 content as described above and the content of COX-IV was analyzed as a mitochondrial marker.
Analysis of skeletal muscle succinate dehydrogenase (SDH) activity.
SDH activity was measured in gastrocnemius muscles as previously described (23 
Histological analysis
Ten micron transverse sections were cut through the midpoint of the EDL muscle using a cryostat (Leica CM1850, Leica Microsystems, Germany), transferred onto glass slides and stained with haematoxylin and eosin (Merck Ltd, Dorset UK) as previously described (34) . To assess fiber area, sections were photographed, the area of all fibers fully within a 30,000µm 2 box (placed randomly on the muscle section) were measured blind using AxioVision (Carl Ziess, Germany) software. Three sections of the undamaged contralateral EDL were analysed per mouse. Fibers from each EDL were grouped on size; the percentage of fibers in each size range was then calculated for each EDL and for each experimental group. Mean fiber area per EDL was calculated from all of the fibers measured from each EDL then the mean fiber area for each experimental group was calculated from these data.
Detection of carbonylated proteins in mitochondria
Detection of carbonylated mitochondrial proteins was performed using Oxyblot protein detection kit as described by the manufacturer (Milipore, Billerica, MA) and as previously described (7, 42) . Briefly following isolation of mitochondria as described above, 20ug of mitochondrial protein was denatured with 12% SDS, following this samples were derivatized with 2,4-dinitrophenylhydrazine (DNPH) and separated on a 12% w/v polyacrylamide gel and transferred to PVDF membrane.
Carbonylated proteins were detected using an antibody against dinitrophenylhyrazone (DNP). Total carbonyl content of mitochondrial proteins was analysed by desometric analysis of the whole lane for each sample.
Statistical analysis
Power calculations were undertaken using Minitab Version 15 on maximum tetanic force calculations based on previous data (23), alpha was set at 0.05 and beta was set at 0.2. Statistical analysis was carried out using Statistical Package for Social Sciences (SPSS) software Version 15.
Where multiple comparisons were made, data were analyzed using analysis of variance (ANOVA).
When a significant F value was observed, LSD post-hoc analysis was performed to identify where differences occurred. For fibre area data, factorial ANOVA was used. Significance was set at the alpha level of ≤0.05. Data are presented as mean ± the standard error of the mean (SEM).
Results
HSP content of gastrocnemius muscles of wild type and mice overexpressing HSP10.
The HSP10 content of the gastrocnemius muscles of both adult and old mice overexpressing HSP10 was approximately 3 fold higher than that in muscles of age-matched wild type mice (Figure 2a-b ).
HSP70 and Grp75 were undetectable by analysis using western blotting in gastrocnemius muscles in either wild type or mice overexpressing HSP10. No significant differences were observed in the 
Effect of overexpression of HSP10 on SDH activity.
SDH activity was measured to assess the effect of overexpression of HSP10 on a key mitochondrial enzyme activity. No significant differences were observed in the SDH activity in gastrocnemius muscles between any of the groups (Figure 3 ). (Figure 4a ). No significant differences were observed in peak twitch force, time taken to reach peak twitch and half relaxation time of EDL muscles between any of the groups.
Individual fiber areas for EDL muscles of adult and old, wild type and mice overexpressing HSP10
were grouped by size (Figure 4b ). Factorial ANOVA showed a main effect with a significant interaction between strain and fiber size (P=0.039) but no interaction between age and fiber size.
Further investigation showed that both adult and old mice overexpressing HSP10 had a reduced number of the smallest fibers (<500µm 2 ) and a greater number of larger fibers (2001-2500 µm 2 ).
Effect of overexpression of HSP10 on susceptibility of EDL muscles to lengthening contraction-induced damage.
To assess the susceptibility of EDL muscles of wild type mice and mice overexpressing HSP10 to contraction-induced damage, the maximum tetanic force generated by EDL muscles was measured at 3 hours following a protocol of 75 lengthening contractions. Data demonstrated that EDL muscles of adult HSP10 mice maintained a greater maximum tetanic force generation following damage compared with muscles of adult wild type mice (75.8 ± 5.5% of the pre-damage force generation for muscles of adult mice overexpressing HSP10 compared with 50.7 ± 4.2% for muscles of wild type mice at 3 hours following the protocol). In addition muscles of old mice overexpressing HSP10 also demonstrated reduced susceptibility to damage at 3hrs following 75 lengthening contractions with a maximum tetanic force generation of 58.3 ± 8.5% of the pre-exercise value compared with 36.7 ± 2.5% for muscles of old wild type mice (Figure 5a ).
Effect of overexpression of HSP10 on the recovery of EDL muscles from lengthening contractioninduced damage.
To assess the effect of overexpression of HSP10 on the recovery from contraction-induced damage, EDL muscles of adult and old mice were subjected to 225 lengthening contractions following the initial maximum tetanic force measurement. Mice were allowed to recover for 28 days before remeasurement of maximum tetanic force. The maximum tetanic force generated by EDL muscles of adult wild type mice and adult mice overexpressing HSP10 had recovered to 92.3 ± 10.1% and 90.4 ± 3.6% of the pre-damage force respectively and the forces generated were not significantly different from pre-damage values. In contrast, muscles of old wild type and old mice overexpressing HSP10
had only recovered to 66.9 ± 6.2% and 68.1 ± 9.6% of the pre-damage force respectively (Figure 5b ). 
Effect of overexpression of HSP10 on the carbonyl content of mitochondrial proteins
Discussion
This is the first demonstration that lifelong overexpression of a single HSP preserves muscle CSA and prevents loss of maximum tetanic force generation during aging and potentially has wide reaching implications for the prevention of age-related muscle weakness and atrophy.
The aims of this study were to investigate the effect of overexpression of a mitochondrial HSP, HSP10 in skeletal muscle of mice on: 1) the development of age-related loss of force generation and CSA, 2) the susceptibility of muscles of adult and old mice to contraction induced damage 3) the recovery of muscles of adult and old mice from contraction-induced damage and 4) the accumulation of oxidised proteins in the mitochondria.
Data demonstrated that lifelong overexpression of HSP10 prevented both the loss of CSA and maximum tetanic force generation observed in EDL muscles of old wild type mice. EDL muscles of old wild type mice had a mean ~10% deficit in the CSA and a mean 23% deficit in maximum tetanic force generation which were statistically significant compared with adult wild type mice (Table 1, Figure 4a ). This decline in maximum tetanic force generation and CSA is representative of sarcopenia and is similar to that seen in our previous studies (23, 34) and those of others (5, 43) . The mean (although non-significant) 13% decrease in fibre area in muscles of old wild type mice (Table 1) accounts for the 10% decrease observed in muscle CSA with age, further deficit in maximum force is evident with a 23% decline in muscles of old wild type mice suggesting the presence of muscle fibres with a reduced ability to contract, possibly consistent with denervation. In contrast both CSA and maximum tetanic force generated by EDL muscles of old mice overexpressing HSP10 were not significantly decreased compared with that of either adult wild type or overexpressor mice. Thus, lifelong overexpression of HSP10 had preserved the CSA and maximum force generation in EDL muscles of old mice. This study examined a cohort of old mice at an age where over 50% of the cohort had died before reaching the age used (26-28 months) as previously used as a determinant of old age (23, 34) , therefore the effect of overexpression of HSP10 on muscle atrophy and force loss at Susceptibility of muscles to contraction induced damage was determined by measurement of the force generation of EDL muscles of adult and old mice at 3hrs following a protocol of 75 lengthening contractions. In contrast to a more severe contraction protocol, this protocol has been used to demonstrate that muscles of old wild type mice are more susceptible to contraction induced damage compared with muscles of adult wild type mice (43) . Thus, in the present study, maximum tetanic force generated at 3hrs following 75 contractions was 50.7 ± 4.2% of pre-damage force generated in muscles of adult wild type mice compared with 36.7 ± 2.5% of pre-damage force generated in muscles of old wild type mice. Overexpression of HSP10 offered significant protection against lengthening contraction-induced damage. EDL muscles of adult and old mice overexpressing HSP10 maintained a greater maximum force generation following the 75 contractions compared with muscles of age-matched wild type mice (Figure 5a ), therefore the effect of HSP10 overexpression on protection against damage is independent of age. The mechanisms underlying this dramatic protection against force loss following lengthening contraction-induced damage are unclear. Studies have demonstrated that the damage which occurs within the first few hours following lengthening contractions is primarily mechanical with damage to sarcomeres including widening of I bands, Z line streaming and loss of staining for the structural protein desmin (1, 28, 38) .
It has been demonstrated that the small cytosolic HSPs, HSP25 and αB-crystallin translocate to the Z disk following lengthening contractions and may stabilize or repair these structural proteins following contraction-induced damage (26) . However HSP10 was demonstrated to be primarily in the mitochondria (Figure 2c) , and the expression of other cytosolic HSPs remained unchanged in muscles of mice overexpressing HSP10 (Figure 2a-b) . It is difficult to see a direct mechanism by which HSP10 protected cytoskeletal components from mechanical damage in the first few hours following contraction-induced damage unless mitochondrial disruption plays a role in this mechanical damage and this possibility warrants further study. EDL muscles of both adult and old mice overexpressing HSP10 had a greater number of larger fibers (Figure 4b ) than muscles of adult and old wild type mice which may have offered some protection against contraction-induced damage although the mechanism by which this may occur is unclear. We are unable to identify whether this is due to neonatal changes in fibre size distribution in muscles of mice overexpressing HSP10 or selective hypertrophy.
McArdle et al (34) previously demonstrated that lifelong overexpression of HSP70 facilitated the successful regeneration of muscles of old mice following a severe protocol of lengthening contractions. At 28 days following the lengthening contraction-induced damage, muscles of old mice overexpressing HSP70 had recovered such that force generation was not significantly different to the pre-damage force generation. In contrast, old wild type mice had a 44% force deficit. In the current study, mice overexpressing HSP10 demonstrated reduced susceptibility to contraction-induced damage. Thus, when studying regenerative capacity, it was important to damage muscles of adult and old wild type and overexpressor mice to the same extent prior to allowing them to recover for 28 days before re-measurement of maximum force generation. A protocol of 225 contractions was used as Brooks and Faulkner (6) (40) although the data suggested that the major overriding effect was likely to be provided by HSP60 overexpression in the cytosolic compartment, suggesting that this is unlikely to be the protective mechanism in this study.
In contrast, a previously proposed mechanism for the age-related loss of force and atrophy in skeletal muscle involves the development of mitochondrial dysfunction. Defective mitochondria have been shown to accumulate in skeletal muscle with age (4), however; the mechanisms by which accumulation of defective mitochondria in muscle during aging may result in the development of the age-related deficits observed is unclear. It has been proposed that defective mitochondria accumulate within a muscle fiber resulting in abnormal ATP production and this may eventually result in fiber splitting and atrophy (20). In agreement with the 'mitochondrial theory of aging', several studies have demonstrated an accumulation of mitochondria with mutations in key regions involved in the electron transport chain in skeletal muscle fibers with age (4, 8, 20) and it is proposed that mitochondria with mutations may produce aberrant ROS, resulting in further damage to mitochondrial proteins and membranes (41) .
To examine the possibility that HSP10 overexpression provided protection against the detrimental effects of ROS generation, total protein carbonyl content of mitochondrial proteins was analysed.
Data demonstrated a 60% increase in the carbonyl content ofmitochondria from muscles of old wild type mice compared with adult wild type mice ( Figure 6 ). In contrast this significant increase was not 
Perspectives and significance
Skeletal muscle atrophy and weakness are major causes of increased frailty and loss of mobility in the elderly and are in part responsible for the increased incidence of falls which impact on quality of life. We have demonstrated that lifelong overexpression of the mitochondrial chaperone, HSP10 in skeletal muscle of mice prevented the age-related loss of force and CSA observed in muscles of old wild type mice and furthermore, protected muscles of both adult and old mice from damage following contraction-induced injury. These data demonstrate that the development of age-related muscle weakness and atrophy is not inevitable although extreme ages were not studied and the protective effect of overexpression of HSP10 in skeletal muscle supports the hypothesis of the involvement of mitochondrial dysfunction in the development of these deficits. The mechanism underlying these functional improvements appears to be a reduction in the accumulation of oxidatively damaged mitochondrial proteins. Whether this is a result of the independent action of HSP10 or the greater activity of the HSP60/10 chaperonin complex are unclear and further studies are required to elucidate the mechanisms underlying this, as this will further our understanding of the mechanisms underlying the loss of force and atrophy during aging and give rise to a potential therapeutic target in its prevention.
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